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Background and objectives: The emergence and spread of antimalarial drug resistance threaten malaria con-
trol efforts in sub-Saharan Africa. Monitoring the susceptibility of circulating Plasmodium falciparum isolates is
essential to inform national treatment guidelines and guide the development of new therapies. To assess the
ex vivo susceptibility of P. falciparum field isolates to 14 antimalarials, including withdrawn/unused and currently
used drugs, and next-generation agents in Mali.

Methods: Twenty-six isolates collected from patients with uncomplicated malaria at three endemic sites
(Faladje, Kolle and Bougoula-Hameau) were cultured ex vivo under standardized conditions. Parasites were ex-
posed to 14 drugs, including tafenoquine, N-desethyl-amodiaquine, chloroquine, dihydroartemisinin, lumefan-
trine, pyronaridine, quinine, sulfadoxine, pyrimethamine, amodiaquine, atovaquone, GNF179, KDU691 and
cabamiquine. Susceptibility was measured using fluorescence-based assays with SYBR Green I and
Mitotracker dyes, and ICsq values were derived from dose-response curves.

Results: Tafenoquine showed a very low potency (ICso> 1500 nM). Chloroquine exhibited marked inter- and in-
tra-site variability (ICsp ~50-1300 nM), while N-desethyl-amodiaquine potently inhibited isolates (median ICsg
<20 nMin Faladje and Bougoula-Hameau). Current frontline drugs, dihydroartemisinin (median ICsp < 6 nM), lu-
mefantrine (median ICso<50 nM) and pyronaridine (median ICso< 10 nM), remained highly potent. Quinine
showed variable efficacy (ICsg ~75-1000 nM). Chemoprevention agents sulfadoxine and pyrimethamine dis-
played high ICsq values (median ICsp> 1000 and >2000 nM). Atovaquone and amodiaquine consistently inhib-
ited all isolates (ICsp<10nM). Next-generation compounds cabamiquine and GNF179 demonstrated
consistently strong activity (ICso< 10 nM), while KDU691 showed moderate activity (median ICsq 18-22 nM).

Conclusions: While current frontline therapies remain effective, reduced activity of chemopreventive antimalar-
ials supports the need for continued surveillance to detect early signs of resistance in Mali. The potent activity of
next-generation candidates (cabamiquine and GNF179) supports their potential for further clinical development
and field deployment.

Introduction

Malaria, predominantly caused by Plasmodium falciparum, con-
tinues to be a significant public health challenge, especially in
sub-Saharan Africa. Despite extensive control efforts, the burden
remains very high for the WHO African Region, which alone ac-
counted for approximately 265 million of these cases (94%)
and 579000 deaths (95%).* Mali accounted for approximately
3% of global malaria cases, roughly 8.475 million cases and 3%
of global deaths (17370 fatalities) in 2024.) Chemoprevention

remains central to malaria prevention, while effective case man-
agement is key to effectively controlling uncomplicated and se-
vere malaria through the use of artemisinin-based combination
therapies (ACTs) in oral forms and parenteral administration of
artesunate,” respectively. However, the emergence and spread
of drug resistance threatens the efficacy of existing regimens
and poses a significant barrier to elimination.?

The evolution of antimalarial drug resistance has historically
undermined control programs. Chloroquine, which was the
main treatment for malaria from the 1950s until the late
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1990s,* became ineffective because of widespread resistance,”
leading to its global withdrawal in the 2000s. Later, in response
to sustained sulfadoxine-pyrimethamine’s use as first-line treat-
ment, P. falciparum parasites developed resistance by selecting
for mutations in the dhfr and dhps genes.®™® Currently, ACTs are
the frontline treatment for uncomplicated malaria,® combining
fast-acting artemisinin derivatives with long-acting partner drugs
to enhance efficacy and reduce the risk of resistance develop-
ment.'® However, the emergence of artemisinin partial resist-
ance'! poses a new threat to malaria control efforts.

Initially identified in Southeast Asia,'?"** artemisinin partial
resistance has since been detected in several countries of
sub-Saharan  Africa, including Rwanda and Uganda.''®
Although artemisinin partial resistance has not yet been reported
in Mali, the presence of resistant parasites in neighbouring re-
gions and substantial cross-border human movement increase
the risk of artemisinin partial resistance in Mali.” Promptly de-
tecting imported or newly emerged resistance cases and trends
requires surveillance and monitoring of therapeutic agent effi-
cacy, local field isolates’ susceptibility and drug resistance mo-
lecular markers.

Field isolates of P. falciparum are ideal for tracking and under-
standing the dynamics of parasite resistance. Unlike laboratory
strains, which often do not reflect the genetic and phenotypic di-
versity of natural populations, field isolates give a real picture of
evolutionary events in parasite populations, including emerging
resistance mechanismes. In vitro drug susceptibility assays provide
an estimation of ICso, defined as the concentration of a com-
pound required to inhibit 50% of parasite growth, and provide
phenotypic data on drug efficacy. While molecular surveillance
is generally the first-line approach for resistance monitoring,
ICso assays remain essential for confirming the impact of muta-
tions and identifying reduced susceptibility'® when molecular
markers are absent or not yet validated.*® Although not always
directly equivalent to in vivo therapeutic efficacy, standardized
ICso thresholds have been established for several antimalarial
drugs based on correlations with treatment failures or validated
molecular resistance markers. Importantly, ICsq cutoffs differ by
drug class,’® pharmacodynamics and mechanism of action.*® For
instance, atovaquone is typically used with a susceptibility
threshold around 30 nM?! (Table 1), chloroquine with ICsq values
above 100 nM,?%2% while sulfadoxine and pyrimethamine exhibit
ICs values frequently in the micromolar range, even in suscep-
tible isolates, due to their enzymatic targets.”*> In contrast, ar-
temisinin derivatives usually show ICsq values <10 nM?® and lack
a universally accepted cutoff because clinical resistance currently
manifests through delayed clearance’*%?” (Table 1).

This study evaluates the ex vivo efficacy of 14 antimalarial
drugs (classified as withdrawn, unused, currently used, or lead
advanced candidate antimalarial drugs) against P. falciparum
field isolates collected in three Malian endemic sites: Kolle,
Bougoula-Hameau and Faladje. The three study sites differ in
malaria transmission intensity according to national surveillance
data and previous longitudinal studies. Faladje is a seasonal
transmission area (July—October).28 Bougoula-Hameau also ex-
periences intense seasonal transmission (July-November).??3°
In contrast, Kolle represents a meso-endemic setting.31 Thus,
these sites, with their distinct ecological and transmission dy-
namics, offer a robust framework for assessing geographic

variations in drug susceptibility in the country. By analysing ICsq
values across these regions, this research provides critical insights
into the current efficacy of antimalarial drugs in Mali, aiming to
inform treatment strategies, especially to strengthen surveil-
lance programs by providing susceptibility profiles of three eco-
logically different sites.

Methods
Sample collection and preparation

In the current study, a total of 26 field isolates of Plasmodium falciparum
were collected from patients diagnosed with uncomplicated malaria
from three malaria-endemic sites (Figure 1) in Mali: Faladje (n=10),
Kolle (n=10) and Bougoula-Hameau (n=6). For the three study sites,
the isolates were collected in the field between September and October
2023.

For blood sample collection, patients were enrolled using inclusion cri-
teria that required parasitemia levels above 20000 trophozoites/uL and
no prior antimalarial drug use in the past 14 days.

Approximately 6 mL of venous blood was collected into
acid-citrate-dextrose tubes. Blood samples were transported to the la-
boratory under cold chain conditions (4°C-8°C) within 6 h to preserve
parasite viability. Upon arrival, the blood underwent further processing.
A thin smear was prepared and stained using Giemsa 15% to confirm
parasitemia levels. Blood samples were washed three times with incom-
plete RPMI 1640 medium (RPMI 1640 medium+25 mM HEPES +2 g/L glu-
cose+0.2% sodium bicarbonate+50 ug/mL  gentamicin, without
Albumax and hypoxanthine) to remove leukocytes. Washed erythrocytes
were cultured in complete RPMI made of incomplete RPMI 1640 medium
supplemented with 50 pg/mL hypoxanthine and 0.5% Albumax.
Parasites were synchronized to the ring stage using a 5% sorbitol solution
to ensure uniform development. Washed blood was adjusted to 2%
haematocrit for drug susceptibility testing.

Drug selection

These isolates were ex vivo cultured in the laboratory and exposed to a
panel of 14 antimalarial drugs representing three categories: (i) drugs
never or no longer used in Mali (chloroquine, tafenoquine and
N-desethyl-amodiaquine), (ii) drugs currently in use (dihydroartemisinin,
lumefantrine, pyronaridine, quinine, sulfadoxine, pyrimethamine, amo-
diaquine and atovaquone) and (iii) lead advanced candidate antimalarial
drugs (GNF179, cabamiquine and KDU691). The currently used drugs
were further divided into two sub-groups: drugs used in the cure (dihy-
droartemisinin, lumefantrine, pyronaridine and quinine) and drugs used
in malaria prevention (sulfadoxine, pyrimethamine, amodiaquine and
atovaqguone). Stock solutions of each drug were prepared in 100% di-
methyl sulfoxide (DMSO) and stored at —20°C. Working dilutions of 10
000 nM for each compound were freshly prepared in RPMI 1640 medium
to achieve final 1/3 serial diluted concentrations in 08 duplicated wells
with a final DMSO concentration of 0.002%.

Efficacy testing

Blood samples were processed at the Parasites and Microbes Research
and Training Center (PMRTC), University of Sciences, Techniques and
Technologies of Bamako (USTTB), Bamako, Mali. The ex vivo susceptibility
of field isolates to the selected drugs was assessed using fluorescence-
based assays, as reported previously.>> SYBR Green I and Mitotracker
dyes were used to quantify parasite growth inhibition. Serial dilutions (1
in 3) of each drug were dispensed into 96-well plates, and each concen-
tration was tested in duplicate wells. Cultures with 1% parasitemia and
2% haematocrit were added to each well. Plates were then incubated
for 48 h (Figure 2) at 37°C in a controlled environment (5% CO,, 5% O,
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Table 1. ICs, values and thresholds for indicative ranges for antimalarial drug susceptibility

Median ICso range Reported cutoff for reduced # of isolates with
Drug (nM) (all sites) susceptibility or resistance high ICso Overall interpretation for our data
Tafenoquine 1493-2428 No standardized cutoff na High ICsos
Chloroquine 11-1316 >100 nM reduced susceptibility?223 13 Mixed; resistance still common
N-desethyl-amodiaquine 2-1069 >60 nM reduced susceptibility*® 5 Generally potent; site-specific
reduced susceptibility

Dihydroartemisinin 0.5-5 No validated cutoff*® na Highly potent
Lumefantrine 10-148 >150 nM reduced susceptibility”” 0 Potent
Pyronaridine 2-17 > 15 nM reduced susceptibility’® 1 Highly potent
Quinine 11-2384 >800-1000 nM reduced 8 Variable; decreased susceptibility in

susceptibility”” one site
Sulfadoxine 435-5623 No validated cutoff Reduced susceptibility
Pyrimethamine 17-5919 >2000 nM resistance?” 16 Reduced susceptibility
Amodiaquine 1-10 >80 nM reduced susceptibility>* 0 Highly potent
Atovaquone 1-680 >28 nM resistance?!* 2 Highly potent overall
GNF179 3-10 No validated cutoff na Highly potent
KDU691 11-37 No validated cutoff na Highly Potent
Cabamiquine 1-4 No validated cutoff na Highly potent

Table 1 presents the ICsq value ranges in our study, which were interpreted using the ‘Reported Cutoff’ indicated in the literature for reduced suscep-
tibility or resistance. The number of isolates with high ICsq denotes the number of isolates in this study exceeding the drug-specific cutoff. For drugs
without a standardized cutoff, this field is listed as ‘na’ (not applicable).
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Figure 1. Map of sample collection sites. Study sites are shown with blue circles in the map, and Bamako (the capital city of Mali) with a star, where the
ex vivo assays were performed. The three study sites were all located in the southern part of Mali.
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Figure 2. Workflow of the drug assay and data processing/analysis. Freshly collected field isolates were washed, synchronized and exposed to serial
dilutions of each antimalarial compound in 96-well plates. Cultures were incubated for 48 h at 37°C in the presence of the test antimalarial drug. After
incubation, cells were washed and stained with SYBR Green I and Mitotracker dyes, and ICsq values were calculated from dose-response curves.
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Figure 3. Invitro susceptibility of P. falciparum field isolates to tafenoquine, N-desethyl-amodiaquine and chloroquine across three study sites in Mali.
(a) ICsp of tafenoquine; (b) ICso of N-desethyl-amodiaquine; (c) ICsq of chloroquine.

90% N,). To adjust the blood sample to a final haematocrit of 2%, we first
measured the volume of packed red blood cells after the last wash and
resuspended this volume in complete RPMI 1640 medium accordingly.
Thus, to achieve a haematocrit of 2% for example, in 10 mL final media,
this will require 0.2 mL of packed red blood cells plus 9.8 mL of media.
After the incubation, plates were analysed using a flow cytometer
(Brand BD), where SYBR Green I and Mitotracker staining enabled the de-
tection and quantification of parasite DNA and mitochondrial activity,
respectively.

Data analysis

ICso values were determined by fitting dose-response curves and com-
pared across sites using Kruskal-Wallis tests in GraphPad Prism software
(Figure 2). The one-way ANOVA and Tukey’s post hoc tests were

performed to identify any significant site-specific differences in drug effi-
cacy. Results with a P value<0.05 were considered statistically
significant.

Ethical considerations

The current study protocol was reviewed and approved by our institution-
al ethical committee of the Faculties of Medicine-Odonto-Stomatology
and Pharmacy, University of Science, Techniques and Technologies of
Bamako, Mali, with the reference N° 2023/03/CE/USTTB. Only participants
or their parent/guardian who provided written informed consent, plus
children able to understand the study and who gave assent, were en-
rolled in this study. All patients with malaria who consented to participate
in the study were enrolled and treated using recommended artemether-
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Figure 4. In vitro susceptibility of P. falciparum field isolates to dihydroartemisinin, lumefantrine, pyronaridine and quinine across three study sites in
Mali. (a) ICsq of dihydroartemisinin; (b) ICsq of lumefantrine; (c) ICsq of pyronaridine; (d) ICso of quinine.

lumefantrine (AL) to clear the parasites as recommended by the ethics
committee.

Results

Susceptibility of P. falciparum field isolates collected
from three different sites in Mali to never-used or
abandoned drugs tafenoquine, chloroquine and
N-desethyl-amodiaquine

Tafenoquine displayed ICso values >1500 nM (Figure 3a) across
all three study sites. In contrast, N-desethyl-amodiaquine
showed lower ICso values in Faladje and Bougoula-Hameau
(Median ICsg <40 nM) compared to Kolle, where several not sus-
ceptible parasites showed micromolar ICso values (~1000 nM;
Figure 3b). Chloroquine, which was withdrawn in Mali in 2005-
6,>> demonstrated a broader range of ICsy values (~25 to
~1000 nM), with considerable inter- and intra-site variability, in-
dicating that many field isolates remained non-susceptible to
chloroquine. The isolates showing the high chloroquine 1Csq va-
lues (500-1300 nM) were observed in all three sites (Figure 3c).
A subset of individual parasite isolates in Faladje (6/10) and
Kolle (3/10) showed relatively low ICsq values (< 50 nM) in the
range of chloroquine-susceptible parasites (Figure 3c).

Susceptibility of P. falciparum field isolates to currently
used antimalarial drugs in Faladje, Bougoula-Hameau
and Kolle, Mali’s field sites

All field isolates showed ICsq values < 6 nM for dihydroartemisi-
nin, as we expected (Figure 4a). The compared ICso median
across field sites displayed significantly higher (P value<0.05)
ICsp in Kolle compared to Faladje and Bougoula-Hameau
(Figure 4a). Similarly, lumefantrine showed low ICso values
(< 50 nM) in Faladje and Bougoula-Hameau, while Kolle had a
significantly higher ICso median of nearly 150 nM (Figure 4b).
For pyronaridine, the median 1Csq values of the susceptibility in
the three distinct site isolates were similar (<10 nM). Thus, field
isolates’ susceptibility did not differ significantly across the three
study sites (P value>0.05) (Figure 4c). Unlike the other drugs

currently used in Mali, quinine displayed a wide range of ICsq va-
lues across the sites, with significantly higher ICsg median values
in Bougoula-Hameau (> 1000 nM) compared to Faladje and Kolle
(both < 75 nM; P value<0.05). Some isolates displayed signifi-
cantly decreased susceptibility to quinine of field isolates from
Faladje and Bougoula-Hameau (Figure 4d). Interestingly, P. fal-
ciparum field isolates from Kolle were all fully susceptible to quin-
ine (Figure 4d).

Malaria preventive chemotherapy compounds activities
against the field isolates P. falciparum parasite from
Faladje, Bougoula-Hameau and Kolle

Sulfadoxine displayed ICso median values > 1000 and > 2000 nM,
respectively, in Faladje and Kolle (Figure 5a). The higher ICsq va-
lues in Kolle resulted in a significant difference in the ICso median
compared to Bougoula-Hameau (P value <0.01) (Figure 5a). Its
partner drug, pyrimethamine, displayed intra-site variability
across all three sites, with ICsq values ranging from 100 to
6000 nM (Figure 5b). Pyrimethamine ICso median values in
Faladje (2800 nM) and Bougoula-Hameau (4000 nM) nearly
doubled that of Kolle (1800 nM). Several isolates exhibited cumu-
lative reduced susceptibility, with elevated ICsq values to multiple
antimalarial drugs, including pyrimethamine and chloroquine, re-
gardless of the study site (Table 2). In contrast, amodiaquine
showed consistent activity profiles against P. falciparum field iso-
lates across the three sites, with low ICso values (<10 nM)
(Figure 5c). Similarly, atovaquone ICso values were below
10 nM, except for one individual P. falciparum field isolate in
Kolle. However, the median ICsq in Kolle (6 nM) of atovaquone
against P. falciparum field isolates was significantly higher (P va-
lue<0.01) and three times greater than that of Faladje (2 nM)
(Figure 5d).

Lead advanced discovery antimalarial agents candidates
potently inhibited P. falciparum field isolates from
Bougoula-Hameau, Faladje and Kolle

The imidazolopiperazine GNF179, a close analogue of KAF156 in
Phase IIT clinical trials, demonstrated high and consistent
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Figure 5. In vitro susceptibility of P. falciparum field isolates to sulfadoxine, pyrimethamine, amodiaquine and atovaquone across three study sites in
Mali. (a) ICsp of sulfadoxine; (b) ICsq of pyrimethamine; (c) ICso of amodiaquine; (d) ICso of atovaquone.

potency against P. falciparum field isolates across all three study
sites, with an ICsp median of 5-10 nM (Figure 6a). Similarly, the
Plasmodium PI(4)K inhibitor (KDU691) potently inhibited P. falcip-
arum field isolates with ICsg values < 40 nMin all sites (Figure 6b).
KDU691 displayed an ICsp median in Kolle of 22 nM, which was
statistically higher (P value<0.05) when compared to that of
Faladje (18 nM) (Figure 6b). Cabamiquine has shown the most
highly inhibitory activity regardless of the parasite collection sites.
Thus, cabamiquine displayed a nanomolar range ICsp<5nM
across the three sites (Figure 6¢). Finally, parasites from the three
sites appeared to be fully susceptible to all the lead-advanced
discovery antimalarial agent candidates (Figure 6).

Discussion

This study was conducted to assess the current drug susceptibil-
ity profile of Plasmodium falciparum to antimalarial drugs used to
prevent and cure malaria, along with those no longer in use in
Mali and those candidates under clinical investigation. To assess
the direct resistance profile of field-isolated parasites, we used
the drug-related ICsg, which is a quantitative measure of drug ef-
ficacy and parasite susceptibility. In this study, we used field iso-
lates of Plasmodium falciparum from the three different endemic
sites, which can be representatives of the circulating parasite po-
pulations in Mali. This approach aimed to facilitate the detection
of early-stage resistance, which can inform the usefulness of the
current study-targeted drugs.

Tafenoquine has not been approved for use in Mali. Despite its
absence in the field, tafenoquine displayed weak potency against
P. falciparum field isolates with high median ICso values
>1500 nM across all study sites, as also reported earlier in other
studies using field isolates.®* Low values of ICso (below 100 nM)
were reported in the early 2000s when tafenoquine was intro-
duced in some sub-Saharan countries like Ghana,*> Gabon,
Djibouti and Senegal.** Tafenoquine is also known for its efficacy
against multidrug-resistant strains.*® High values of tafenoquine
ICsp can be observed in multidrug-resistant P. falciparum strains
and Indochina strains resistant to chloroquine.?” In Mali field iso-
lates, tafenoquine ICso values were uniformly high across all
sites, while chloroquine ICso values were highly variable (50-
1300 nM). Thus, regardless of the ICsq value of chloroquine, we

observed high tafenoquine ICsq across all sites. This observation
is consistent with previous studies showing that tafenoquine ex-
hibits relatively high ICsq and ICqo values in standard in vitro
blood-stage assays, including against multidrug-resistant P. fal-
ciparum isolates from Southeast Asia and African field iso-
lates.>*373® These IC values often exceed proposed in vivo
minimum inhibitory concentrations, suggesting that tafeno-
quine’s clinical efficacy is not well predicted by short-term blood-
stage in vitro assays.>” This could also be explained by the fact
that tafenoquine is a prodrug like primaquine, an 8-aminoquino-
line antimalarial that requires metabolic activation, with its effi-
cacy coming from its active metabolites.’* The lower ICsg
values for N-desethyl-amodiaquine (never been used as an inde-
pendent formulated therapeutic agent in Mali) in Faladje and
Bougoula-Hameau are consistent with susceptibility in the previ-
ous report.“? The decreased susceptibility in Kolle reaching ICso
1000 nM could indicate emerging resistance, calling for further
investigations on these strains and a larger sample size
investigation.

Chloroquine showed considerable inter- and intra-site variabil-
ity, with high ICsq values (500-1300 nM) in all sites but lower va-
lues (<50 nM) in a subset of individual parasite isolates in Faladje
and Kolle. This variability suggests that while chloroquine resist-
ance is still widespread, there may be new emerging spots of sus-
ceptibility, possibly due to the withdrawal of chloroquine since
2006.%3 The few high ICs, values observed across the three study
sites support the importance of continuous monitoring of chloro-
quine resistance to assess susceptibility, which can be restored
due to its prolonged withdrawal.**~*?

Artemisinin is the current frontline therapeutic tool against
malaria. When its active component, dihydroartemisinin, was
tested against P. falciparum field isolates from all sites, the para-
sites were fully susceptible with ICsq < 5 nM. This full susceptibility
of the parasite is in good agreement with Artemisinin’s continued
efficacy in Mali, as its derivatives act as the fast-acting core com-
ponents of ACTs, while partner drugs such as lumefantrine pro-
vide the long-acting activity needed to clear residual parasites
and prevent recrudescence® of first-line treatments in Mali.?®
However, the higher median ICsq in Kolle compared to Faladje
and Bougoula-Hameau suggests differences in field isolate sus-
ceptibility. Globally, the low values of ICsg median are consistent
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Table 2. Isolate-level antimalarial susceptibility profiles using established ICsq thresholds

Study site Isolate ID Number of drugs with elevated ICso High ICso drug values (nM)
Bougoula-Hameau Isolate B1 3 PYR: 3854 nM; CQ: 115.1 nM; QN: 1893 nM
Bougoula-Hameau Isolate B2 2 PYR: 4055 nM; CQ: 100 nM

Bougoula-Hameau Isolate B3 2 CQ: 107.9 nM; QN: 1122 nM
Bougoula-Hameau Isolate B4 2 CQ: 715 nM; QN: 2384 nM

Bougoula-Hameau Isolate B5 2 PYR: 5057 nM; QN: 1000.3 nM
Bougoula-Hameau Isolate B6 2 PYR: 4739 nM; QN: 1200 nM

Faladje Isolate F1 3 PYR: 4820 nM; CQ: 115.1 nM; QN: 1329.4 nM
Faladje Isolate F2 1 PYR: 3155 nM

Faladje Isolate F3 2 PYR: 2587 nM; QN: 1322 nM

Faladje Isolate F4 2 PYR: 4788 nM; CQ: 785 nM

Faladje Isolate F5 1 PYR: 5919 nM

Faladje Isolate F6 2 PYR: 5111 nM; QN: 1118 nM

Faladje Isolate F7 1 PYR: 2884 nM

Faladje Isolate F8 3 PYR: 2193 nM; DES-A: 301.1 nM; CQ: 996.4 nM
Faladje Isolate F9 0

Faladje Isolate F10 2 PYR: 3864 nM; CQ: 793.7 nM

Kolle Isolate K1 0

Kolle Isolate K2 0

Kolle Isolate K3 2 DES-A: 1062 nM; CQ: 693.8 nM

Kolle Isolate K4 2 DES-A: 984.7 nM; CQ: 1316 nM

Kolle Isolate K5 3 PYR: 5887 nM; DES-A: 1069.1 nM; CQ: 952.7 nM
Kolle Isolate K6 3 PYR: 2026 nM; DES-A: 70.43 nM; CQ: 796.9 nM
Kolle Isolate K7 0

Kolle Isolate K8 2 PN: 16.8 nM; CQ: 624.9 nM

Kolle Isolate K9 2 ATQ: 42.35 nM; CQ: 893.1 nM

Kolle Isolate K10 3 PYR: 2942 nM; ATQ: 676 nM; CQ: 738.51 nM

Table 2 presents the number of drugs with elevated ICso values for each isolate, along with the corresponding ICsq values for those drugs. Elevated
ICsos were identified by comparing observed values to literature-derived thresholds for reduced susceptibility. The following thresholds were applied:
quinine (QN) > 800 nM, chloroguine (CQ) > 100 nM, N-desethyl-amodiaquine (DES-A) > 60 nM, lumefantrine (LUM) > 150 nM, pyronaridine (PN)> 15 nM,

pyrimethamine (PYR)>2000 nM, amodiaquine (AMQ) >80 nM and atovaquone (ATQ)>28 nM.

with the current level of artemisinin and derivatives’ susceptibility
in other West African countries.**™*’ Lumefantrine also showed
relatively low ICsgp values (< 50nM) in Faladje and
Bougoula-Hameau, with a higher ICso median in Kolle (80 nM),
which may be signs of concerns about reduced susceptibility of
the Plasmodium falciparum to lumefantrine as reported previous-
ly.“® Higher lumefantrine ICsq values in Kolle may result from lo-
cal selection pressure driven by extensive AL use and the
associated prevalence of Pfmdr1 alleles linked to reduced lume-
fantrine susceptibility in West African parasite populations.*®:°
Pyronaridine, with consistently low ICsg values (~5nM) across
all sites, appears to be effective, supporting its use as part of com-
bination therapies. Quinine displayed a wide range of ICsq values,
with significantly higher ICso median values in Bougoula-Hameau
(>1000 nM) compared to Faladje and Kolle (<25 nM). Such a wide
range of variability of ICsq values may be due to the long-term
historical use of quinine in the field, causing diversity in the para-
site response. Although elevated quinine ICsq values have been
reported, clinically confirmed quinine resistance has not been
documented in Mali. The high ICso values in Bougoula-Hameau,
a place that dominates the malaria burden in Mali, could be ex-
plained by the heavy use of quinine in complicated malaria
case management, as quinine was the first treatment option.>!

Current malaria prevention tools in Mali, including Seasonal
Malaria Chemoprevention (SMC) in children under five,
Intermittent Preventive Treatment in pregnancy with SP
(IPTp-SP) for pregnant women, Intermittent Preventive
Treatment in infants (IPTi) mainly use sulfadoxine and pyrimeth-
amine. The high ICsq median values for sulfadoxine in Faladje and
Kolle (>1000 and >2000 nM, respectively) are a good indication
of sulfadoxine resistance, consistent with previous reports show-
ing an increase in sulfadoxine-pyrimethamine (SP) resistance in
Mali.?**? Pyrimethamine also showed substantial intra-site vari-
ability, with median ICsq values in Faladje and Bougoula-Hameau
nearly double that of Kolle. Combined, the high values of 1Csq for
both pyrimethamine and sulfadoxine raise concerns about using
both in intermittent preventive treatment in pregnant women®?
and the seasonal malaria chemoprevention in children under
five>* in Mali. The consistently elevated ICsq values that we ob-
served for sulfadoxine and pyrimethamine are biologically plaus-
ible in a setting where antenatal folate is widely used, because
exogenous folate can reduce the antimalarial activity of antifo-
lates.>>™’ In vitro, physiological concentrations of folic acid
markedly reduce Sulfadoxine potency and, to a lesser extent,
pyrimethamine, by resupplying the parasite’s folate pool and by-
passing DHPS/DHFR blockade.”®>° In vivo, trials and observational
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Figure 6. In vitro susceptibility of P. falciparum field isolates to lead advanced discovery of antimalarial agents across three study sites in Mali. (a) ICso

of GNF179; (b) ICso of KDU691; (c) ICso of cabamiquine.

studies in pregnant women show that high-dose folic acid (5 mg/
day) and higher circulating folate levels are associated with in-
creased SP treatment failure.>>~>’ Hence, the WHO and partners’
recommendation for using iron plus low-dose folic acid (0.4 mg/
day) with IPTp-Sp.69-62

Unlike sulfadoxine and pyrimethamine, amodiaquine and ato-
vaquone showed very low ICsg values across all sites, compared to
their susceptibility reference cutoff value of 30 nM.** The Low ICs
values for both amodiaquine and atovaquone (Figure 5¢ and d)
suggest that these drugs remain effective for P. falciparum mal-
aria prevention, as observed in other studies conducted years
ago on P. falciparum strains from African countries.®
Amodiaquine, demonstrating consistent efficacy with ICsq values
below 10 nM, may further support its use in combination therap-
ies. However, the higher median ICso for atovaquone in Kolle
(6 nM) compared to Faladje (2 nM) (Figure 5d) calls for continued
monitoring for early detection of emerging resistance, even
though the drug remained fully active in this study. The relatively
low ICsp values of N-desethyl-amodiaquine and amodiaquine
support the continued use of these drugs as part of combination
therapies in Mali, such as with lumefantrine in the AL first-line
combination. However, the extensive use of lumefantrine could
potentially accelerate the emergence of parasite strains resistant
not only to lumefantrine but also to amodiaquine due to cross-
selection pressure with mutations on Pfmdr1 and Pfcrt genes.®> ¢’

Having tested and evaluated the current therapeutic suscepti-
bility profile, we set out to establish the next-generation antimal-
arial drug candidate activity against P. falciparum field isolates’
susceptibility across the three field sites (Figure 6).
Imidazolopiperazine GNF179, a close analogue of KAF156 and ca-
bamiquine, the Plasmodium elongation factor 2 inhibitor, respect-
ively in Phase III and Phase II clinical development, potently
inhibited all isolates from all sites (median ICsg ~ 5nM)
(Figure 6), suggesting that these drugs under investigation are
promising candidates against P. falciparum malaria. Early devel-
opment studies on these drugs confirmed their ex vivo and in vitro

efficacy against P. falciparum malaria  parasites.3?686°

Furthermore, KAF156, the parent analogue of GNF179, has proven
its in vivo efficacy against P. falciparum malaria and is currently in
Phase IIb trials.”%” Even less potent than GNF179 and cabami-
quine, the PI4K inhibitor KDU691 displayed also potent inhibitory
activity (ICso median 50 nM) (Figure 6b) against P. falciparum mal-
aria parasites field isolates that also further support its potential
as a future antimalarial, given its mentioned efficacy against P.
falciparum,?? particularly against liver stage forms,”* making it
an ideal candidate for chemoprevention as well. Overall, these
candidate therapeutics could be developed in clinical trials as ef-
ficacious tools for malaria further treatment. While this study pro-
vides important highlights of the susceptibility profiles of P.
falciparum field isolates in Mali, a bigger sample size would give
abetter picture of current susceptibility profiles to the study drugs.

A key limitation of this study was the absence of molecular
analyses to characterize P. falciparum resistance markers
(Pfmdr1, Pfcrt, Pfdhfr, dhps and Pfk13 mutations). This could
have helped correlate parasite response to any mutation in the
gene resistance markers. However, validated markers are not
yet established for some compounds, such as tafenoquine, quin-
ine and for next-generation compounds (cabamiquine, GNF179
and KDU691 in our study). Another important consideration is
the potential confounding effect of folic acid administration,
which may lead to the generation of field isolates with attenuated
activity of antifolate drugs. Although this folate-related attenu-
ation of SP efficacy is most clinically relevant in pregnant women
receiving IPTp-SP, given the repeatedly administered doses of folic
acid, it could have contributed to the elevated ICsq values for SP.
This study was designed as a pilot investigation to inform a larger
countrywide future study; therefore, the sample size was limited.

Conclusions

Monitoring drug resistance spread is a key aspect to ensure that
patients receive appropriate and effective treatment, as well as
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guiding public health policies towards data-driven, appropriate
treatment. Thus, the surveillance is critical for real-time track-
ing of resistance patterns, which allows for the timely manage-
ment and effective development of alternative interventions.
This also guides the appropriate use of antimalarial drugs in
settings with limited resources like Mali. The reduced suscepti-
bility observed for withdrawn or unused drugs, such as tafeno-
quine and chloroquine, suggests that these compounds should
be evaluated in larger and more representative sample sets in
Mali, as monitoring of their susceptibility profiles remains epi-
demiologically valuable. The currently used drugs showed sus-
ceptible profiles with some significant increases in some strains’
ICsq. Thus, the inter- and intra-variability in the profile of sus-
ceptibility for currently used drugs calls for enhancing continu-
ous monitoring and engaging in developing new malaria
treatments to overcome further drug resistance. The malaria
candidate drugs displayed very low ICsq, proving local isolate
susceptibility prior to these drug candidates deployment as
malaria therapies.

Acknowledgements

We are grateful for the support from the staff and technicians from the
P-MRTC, the local staff in Faladje, Kolle and Bougoula-Hameau for sup-
porting the field isolates collection. Thanks to the EDCTP2 programme
that supports Fatoumata Ousmane Maiga’s PhD fellowship through the
WANECAM?2 project. This project (RIA2017T-2018 —WANECAM-2) is part
of the EDCTP2 Programme supported by the European Union with cofund-
ing from the Deutsches Zentrum fur Luft- und Raumfahrt (DLR) and the
UK National Institute for Health and Care Research (NIHR). NIHR is funded
by the Department of Health and Social Care (UK-DHSC). The NIHR Global
Health Research portfolio supports high-quality applied health research
for the direct and primary benefit of people in low- and middle-income
countries, using international development funding from the UK
Government. ‘The views expressed in this publication are those of the
author(s) and not necessarily those of the EDCTP, NIHR, the UK govern-
ment or DLR.

Funding

This research was financially supported by the Science Foundation for
Africa (SFA), Grant Ref: GCA/DD2/Round10/030/004.

Transparency declarations
All authors: None to declare.

Author contributions

F.O.M,, L.D. and A.A.D. conceived and designed the study.

F.O.M, F.D,, M.L.A,, O.B.T. and N.D. performed research and acquired
field data

F.O.M,, 0.D., F.D., F.S. and M.M. performed research, acquired, and ana-
lysed the in vitro data.

L.D. and A.A.D. assisted with research.

F.O.M. and L.D. wrote and edited the original draft. S.D., A.A.D. and all
authors reviewed and edited the article.

References

1 World Health Organization. World malaria report 2025: addressing the
threat of antimalarial drug resistance. World Health Organization. https:/
www.who.int/teams/global-malaria-programme/reports/world-malaria-
report-2025.

2 Nosten F, White NJ. Artemisinin-based combination treatment of
falciparum malaria. In: Breman JG, Alilio MS, White NJ, eds. Defining
and Defeating the Intolerable Burden of Malaria III: Progress and
Perspectives: Supplement to Volume 77(6) of American Journal of
Tropical Medicine and Hygiene: American Society of Tropical Medicine
and Hygiene, 2007, 181-192.

3 Menard D, Dondorp A. Antimalarial drug resistance: a threat to malaria
elimination. Cold Spring Harb Perspect Med 2017; 7: a025619. https:/doi.
org/10.1101/cshperspect.a025619

4 Packard RM. The origins of antimalarial-drug resistance. N Engl J Med
2014; 371: 397-9. https://doi.org/10.1056/NEJMp1403340

5 Amambua-Ngwa A, Button-Simons KA, Li X et al. Chloroquine resist-
ance evolution in Plasmodium falciparum is mediated by the putative
amino acid transporter AAT1. Nat Microbiol 2023; 8: 1213-26. https:/
doi.org/10.1038/s41564-023-01377-z

6 Lynch C, Pearce R, Pota H et al. Emergence of a dhfr mutation confer-
ring high-level drug resistance in Plasmodium falciparum populations
from Southwest Uganda. J Infect Dis 2008; 197: 1598-604. https:/doi.
org/10.1086/587845

7 Picot S, Olliaro P, de Monbrison F et al. A systematic review and
meta-analysis of evidence for correlation between molecular markers
of parasite resistance and treatment outcome in falciparum malaria.
Malar J 2009; 8: 89. https://doi.org/10.1186/1475-2875-8-89

8 World Health Organization. World malaria report 2024: addressing in-
equity in the global malaria response. World Health Organization. https:/
www.who.int/teams/global-malaria-programme/reports/world-malaria-
report-2024.

9 World Health Organization. World malaria report 2023: Tracking pro-
gress and gaps in the global response to malaria. World Health
Organization.  https://www.who.int/teams/global-malaria-programme/
reports/world-malaria-report-2023.

10 Eastman RT, Fidock DA. Artemisinin-based combination therapies: a
vital tool in efforts to eliminate malaria. Nat Rev Microbiol 2009; 7:
864-74. https://doi.org/10.1038/nrmicro2239

11 Dondorp AM, Nosten F, Yi P et al. Artemisinin resistance in Plasmodium
falciparum malaria. N Engl J Med 2009; 361: 455-67. https://doi.org/10.
1056/NEJMoa0808859

12 Ariey F, Witkowski B, Amaratunga C et al. A molecular marker of
artemisinin-resistant Plasmodium falciparum malaria. Nature 2014;
505: 50-5. https:/doi.org/10.1038/nature12876

13 Ashley EA, Dhorda M, Fairhurst RM et al. Spread of artemisinin resist-
ance in Plasmodium falciparum malaria. N Engl J Med 2014; 371: 411-23.
https://doi.org/10.1056/NEJMoa1314981

14 Straimer J, Gnddig NF, Witkowski B et al. Drug resistance.
K13-propeller mutations confer artemisinin resistance in Plasmodium fal-
ciparum clinical isolates. Science 2015; 347: 428-31. https://doi.org/10.
1126/science.1260867

15 Balikagala B, Fukuda N, lkeda M et al. Evidence of artemisinin-
resistant malaria in Africa. N Engl J Med 2021; 385: 1163-71. https:/
doi.org/10.1056/NEJM0a2101746

16 Uwimana A, Legrand E, Stokes BH et al. Emergence and clonal expan-
sion of in vitro artemisinin-resistant Plasmodium falciparum kelch13
R561H mutant parasites in Rwanda. Nat Med 2020; 26: 1602-1608.
https://doi.org/10.1038/s41591-020-1005-2

90of 11

920z Arenuga4 g1 uo 1senb Aq 1916248/ 1 06e.Ip/L/8/81o1e/Jwedel/wod dno olwapeoe)/:sdny WwoJlj papeojumoq


https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2025
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2025
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2025
https://doi.org/10.1101/cshperspect.a025619
https://doi.org/10.1101/cshperspect.a025619
https://doi.org/10.1056/NEJMp1403340
https://doi.org/10.1038/s41564-023-01377-z
https://doi.org/10.1038/s41564-023-01377-z
https://doi.org/10.1086/587845
https://doi.org/10.1086/587845
https://doi.org/10.1186/1475-2875-8-89
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2024
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2024
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2024
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2023
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2023
https://doi.org/10.1038/nrmicro2239
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1056/NEJMoa0808859
https://doi.org/10.1038/nature12876
https://doi.org/10.1056/NEJMoa1314981
https://doi.org/10.1126/science.1260867
https://doi.org/10.1126/science.1260867
https://doi.org/10.1056/NEJMoa2101746
https://doi.org/10.1056/NEJMoa2101746
https://doi.org/10.1038/s41591-020-1005-2

Maiga et al.

17 Ishengoma DS, Gosling R, Martinez-Vega R et al. Urgent action is
needed to confront artemisinin partial resistance in African malaria para-
sites. Nat Med 2024; 30: 1807-8. https:/doi.org/10.1038/d41591-024-
00028-y

18 Witkowski B, Amaratunga C, Khim N et al. Novel phenotypic assays for
the detection of artemisinin-resistant Plasmodium falciparum malaria in
Cambodia: in-vitro and ex-vivo drug-response studies. Lancet Infect Dis
2013; 13: 1043-9. https://doi.org/10.1016/S1473-3099(13)70252-4

19 Bacon DJ, Jambou R, Fandeur T et al. World Antimalarial Resistance
Network (WARN) II: in vitro antimalarial drug susceptibility. Malar J
2007; 6: 120. https://doi.org/10.1186/1475-2875-6-120

20 Tahita MC, Tinto H, Yarga S et al. Ex vivo anti-malarial drug susceptibil-
ity of Plasmodium falciparum isolates from pregnant women in an area of
highly seasonal transmission in Burkina Faso. Malar J 2015; 14: 251.
https://doi.org/10.1186/s12936-015-0769-1

21 Staines HM, Burrow R, Teo BH-Y et al. Clinical implications of
Plasmodium resistance to atovaquone/proguanil: a systematic review
and meta-analysis. J Antimicrob Chemother 2018; 73: 581-95. https://
doi.org/10.1093/jac/dkx431

22 Brasseur P, Druilhe P, Kouamouo J et al. High level of sensitivity to
chloroquine of 72 Plasmodium falciparum isolates from Southern
Cameroon in January 1985. Am J Trop Med Hyg 1986; 35: 711-6.
https:/doi.org/10.4269/ajtmh.1986.35.711

23 Basco LK, Ringwald P. Molecular epidemiology of malaria in Yaounde,
Cameroon. VI. Sequence variations in the Plasmodium falciparum dihy-
drofolate reductase-thymidylate synthase gene and in vitro resistance
to pyrimethamine and cycloguanil. Am J Trop Med Hyg 2000; 62: 271-6.
https://doi.org/10.4269/ajtmh.2000.62.271

24 Amimo F, Lambert B, Magit A et al. Plasmodium falciparum resistance
to sulfadoxine-pyrimethamine in Africa: a systematic analysis of national
trends. BMJ Glob Health 2020; 5: e003217. https://doi.org/10.1136/
bmjgh-2020-003217

25 Basco LK, Ramiliarisoa O, Bras JL. In vitro activity of pyrimethamine,
cycloguanil, and other antimalarial drugs against African isolates and
clones of Plasmodium falciparum. Am J Trop Med Hyg 1994; 50: 193-9.
https:/doi.org/10.4269/ajtmh.1994.50.193

26 Basco LK, Bras JL. In vitro activity of artemisinin derivatives against
African isolates and clones of Plasmodium falciparum. Am J Trop Med
Hyg 1993; 49: 301-7. https://doi.org/10.4269/ajtmh.1993.49.301

27 Assefa A, Fola AA, Tasew G. Emergence of Plasmodium falciparum
strains with artemisinin partial resistance in East Africa and the Horn of
Africa: is there a need to panic? Malar J 2024; 23: 34. https://doi.org/10.
1186/512936-024-04848-8

28 Kayentao K, Maiga H, Newman RD et al. Artemisinin-based combina-
tions versus amodiaquine plus sulphadoxine-pyrimethamine for the
treatment of uncomplicated malaria in Faladje, Mali. Malar J 2009; 8: 5.
https://doi.org/10.1186/1475-2875-8-5

29 Sagara I, Fofana B, Gaudart J et al. Repeated artemisinin-based com-
bination therapies in a malaria hyperendemic area of Mali: efficacy,
safety, and public health impact. Am J Trop Med Hyg 2012; 87: 50-6.
https:/doi.org/10.4269/ajtmh.2012.11-0649

30 Bouvier P, Rougemont A, Breslow N et al. Seasonality and malariain a
West African village: does high parasite density predict fever incidence?
Am J Epidemiol 1997; 145: 850-7. https:/doi.org/10.1093/oxford
journals.aje.a009179

31 Sissoko MS, van den Hoogen LL, Samake Y et al. Spatial patterns of
Plasmodium falciparum clinical incidence, asymptomatic parasite car-
riage and anopheles density in two villages in Mali. Am J Trop Med Hyg
2015; 93: 790-7. https://doi.org/10.4269/ajtmh.14-0765

32 Dembele L, Aniweh Y, Diallo N et al. Plasmodium malarice and
Plasmodium falciparum comparative susceptibility to antimalarial drugs

in Mali. J Antimicrob Chemother 2021; 76: 2079-87. https://doi.org/10.
1093/jac/dkab133

33 Djimde AA, Barger B, Kone A et al. A molecular map of chloroquine re-
sistance in Mali. FEMS Immunol Med Microbiol 2010; 58: 113-8. https:/doi.
0rg/10.1111/j.1574-695X.2009.00641.x

34 Pradines B, Mamfoumbi MM, Tall A et al. In vitro activity of tafenoquine
against the asexual blood stages of Plasmodium falciparum isolates from
Gabon, Senegal, and Djibouti. Antimicrob Agents Chemother 2006; 50:
3225-6. https://doi.org/10.1128/AAC.00777-06

35 Quashie NB, Duah NO, Abuaku B et al. A SYBR Green 1-based in vitro
test of susceptibility of Ghanaian Plasmodium falciparum clinical isolates
to a panel of anti-malarial drugs. Malar J 2013; 12: 450. https://doi.org/10.
1186/1475-2875-12-450

36 Hale BR, Owusu-Agyei S, Fryauff DJ et al. A randomized, double-blind,
placebo-controlled, dose-ranging trial of tafenoquine for weekly prophy-
laxis against Plasmodium falciparum. Clin Infect Dis 2003; 36: 541-9.
https://doi.org/10.1086/367542

37 Dow G, Smith B. The blood schizonticidal activity of tafenoquine
makes an essential contribution to its prophylactic efficacy in nonimmune
subjects at the intended dose (200 mg). Malar J 2017; 16: 209. https:/doi.
0rg/10.1186/512936-017-1862-4

38 Ramharter M, Noedl H, Thimasarn K et al. In vitro activity of tafeno-
quine alone and in combination with artemisinin against Plasmodium fal-
ciparum. Am J Trop Med Hyg 2002; 67: 39-43. https://doi.org/10.4269/
ajtmh.2002.67.39

39 Mayence A, Vanden Eynde JJ. Tafenoquine: a 2018 novel
FDA-approved prodrug for the radical cure of Plasmodium vivax malaria
and prophylaxis of malaria. Pharmaceuticals (Basel) 2019; 12: 115.
https://doi.org/10.3390/ph12030115

40 Echeverry DF, Murillo C, Piedad RP et al. Susceptibility of Colombian
Plasmodium falciparum isolates to 4-aminoquinolines and the definition
of amodiaquine resistance in vitro. Mem Inst Oswaldo Cruz 2006; 101:
341-4. https://doi.org/10.1590/S0074-02762006000300022

41 Khattak AA, Awan UA, Nadeem MF et al. Chloroguine-resistant
Plasmodium falciparum in Pakistan. Lancet Infect Dis 2021; 21: 1632.
https://doi.org/10.1016/51473-3099(21)00700-3

42 Mwanza S, Joshi S, Nambozi M et al. The return of chloroqguine-
susceptible Plasmodium falciparum malaria in Zambia. Malar J 2016;
15: 584. https://doi.org/10.1186/512936-016-1637-3

43 Kublin JG, Cortese JF, Njunju EM et al. Reemergence of chloroquine-
sensitive Plasmodium falciparum malaria after cessation of chloroquine
use in Malawi. J Infect Dis 2003; 187: 1870-5. https://doi.org/10.1086/
375419

44 Ndiaye D, Patel V, Demas A et al. A non-radioactive DAPI-based high-
throughput in vitro assay to assess Plasmodium falciparum responsive-
ness to antimalarials—increased sensitivity of P. falciparum to chloro-
quine in Senegal. Am J Trop Med Hyg 2010; 82: 228-30. https://doi.org/
10.4269/ajtmh.2010.09-0470

45 Ofori MF, Kploanyi EE, Mensah BA et al. Ex vivo sensitivity profile of
Plasmodium falciparum clinical isolates to a panel of antimalarial drugs
in Ghana 13 years after national policy change. Infect Drug Resist 2021;
14: 267-76. https://doi.org/10.2147/IDR.S295277

46 Tinto H, Bonkian LN, Nana LA et al. Ex vivo anti-malarial drugs sensi-
tivity profile of Plasmodium falciparum field isolates from Burkina Faso
five years after the national policy change. Malar J 2014; 13: 207.
https:/doi.org/10.1186/1475-2875-13-207

47 Zhao W, Li X, Yang Q et al. In vitro susceptibility profile of
Plasmodium falciparum clinical isolates from Ghana to antimalarial
drugs and polymorphisms in resistance markers. Front Cell Infect
Microbiol 2022; 12: 1015957. https://doi.org/10.3389/fcimb.2022.
1015957

10 of 11

920z Arenuga4 g1 uo 1senb Aq 1916248/ 1 06e.Ip/L/8/81o1e/Jwedel/wod dno olwapeoe)/:sdny WwoJlj papeojumoq


https://doi.org/10.1038/d41591-024-00028-y
https://doi.org/10.1038/d41591-024-00028-y
https://doi.org/10.1016/S1473-3099(13)70252-4
https://doi.org/10.1186/1475-2875-6-120
https://doi.org/10.1186/s12936-015-0769-1
https://doi.org/10.1093/jac/dkx431
https://doi.org/10.1093/jac/dkx431
https://doi.org/10.4269/ajtmh.1986.35.711
https://doi.org/10.4269/ajtmh.2000.62.271
https://doi.org/10.1136/bmjgh-2020-003217
https://doi.org/10.1136/bmjgh-2020-003217
https://doi.org/10.4269/ajtmh.1994.50.193
https://doi.org/10.4269/ajtmh.1993.49.301
https://doi.org/10.1186/s12936-024-04848-8
https://doi.org/10.1186/s12936-024-04848-8
https://doi.org/10.1186/1475-2875-8-5
https://doi.org/10.4269/ajtmh.2012.11-0649
https://doi.org/10.1093/oxfordjournals.aje.a009179
https://doi.org/10.1093/oxfordjournals.aje.a009179
https://doi.org/10.4269/ajtmh.14-0765
https://doi.org/10.1093/jac/dkab133
https://doi.org/10.1093/jac/dkab133
https://doi.org/10.1111/j.1574-695X.2009.00641.x
https://doi.org/10.1111/j.1574-695X.2009.00641.x
https://doi.org/10.1128/AAC.00777-06
https://doi.org/10.1186/1475-2875-12-450
https://doi.org/10.1186/1475-2875-12-450
https://doi.org/10.1086/367542
https://doi.org/10.1186/s12936-017-1862-4
https://doi.org/10.1186/s12936-017-1862-4
https://doi.org/10.4269/ajtmh.2002.67.39
https://doi.org/10.4269/ajtmh.2002.67.39
https://doi.org/10.3390/ph12030115
https://doi.org/10.1590/S0074-02762006000300022
https://doi.org/10.1016/S1473-3099(21)00700-3
https://doi.org/10.1186/s12936-016-1637-3
https://doi.org/10.1086/375419
https://doi.org/10.1086/375419
https://doi.org/10.4269/ajtmh.2010.09-0470
https://doi.org/10.4269/ajtmh.2010.09-0470
https://doi.org/10.2147/IDR.S295277
https://doi.org/10.1186/1475-2875-13-207
https://doi.org/10.3389/fcimb.2022.1015957
https://doi.org/10.3389/fcimb.2022.1015957

Plasmodium falciparum field isolates drug susceptibility in Mali

JAR

48 Dama S, Niangaly H, Ouattara A et al. Reduced ex vivo susceptibility of
Plasmodium falciparum after oral artemether-lumefantrine treatment in
Mali. Malar J 2017; 16: 59. https://doi.org/10.1186/s12936-017-1700-8

49 Veiga MI, Dhingra SK, Henrich PP et al. Globally prevalent PfMDR1 mu-
tations modulate Plasmodium falciparum susceptibility to artemisinin-
based combination therapies. Nat Commun 2016; 7: 11553. https:/doi.
0rg/10.1038/ncomms11553

50 Venkatesan M, Gadalla NB, Stepniewska K et al. Polymorphisms in
Plasmodium falciparum chloroquine resistance transporter and multi-
drug resistance 1 genes: parasite risk factors that affect treatment out-
comes for P. falciparum malaria after artemether-lumefantrine and
artesunate-amodiaquine. Am J Trop Med Hyg 2014; 91: 833-43. https://
doi.org/10.4269/ajtmh.14-0031

51 Kone A, Mu J, Maiga H et al. Quinine treatment selects the pfnhe-1
ms4760-1 polymorphism in Malian patients with falciparum malaria. J
Infect Dis 2013; 207: 520-7. https://doi.org/10.1093/infdis/jis691

52 Maiga H, Lasry E, Diarra M et al. Seasonal malaria chemoprevention
with  sulphadoxine-pyrimethamine  and  amodiaquine  selects
Pfdhfr-dhps quintuple mutant genotype in Mali. PLoS One 2016; 11:
e0162718. https://doi.org/10.1371/journal.pone.0162718

53 World Health Organization. Intermittent Preventive Treatment of
malaria in pregnancy using Sulfadoxine-Pyrimethamine (IPTp-SP). World
Health Organization. https://iris.who.int/server/api/core/bitstreams/
1cc5110f-4ca9-47e3-80b1-467e598311f1/content

54 World Health Organization. Intermittent preventive treatment for in-
fants using sulfadoxine-pyrimethamine (SP-IPTi) for malaria control in
Africa: An implementation field guide. World Health Organization.
https://apps.who.int/iris/bitstream/handle/10665/70736/WHO_IVB_11.
07_eng.pdf?sequence=1.

55 Ouma P, Parise ME, Hamel MJ et al. A randomized controlled trial of
folate supplementation when treating malaria in pregnancy with
sulfadoxine-pyrimethamine. PLoS Clin Trials 2006; 1: e28. https://doi.org/
10.1371/journal.pctr.0010028

56 Nzila A, Okombo J, Molloy AM. Impact of folate supplementation on
the efficacy of sulfadoxine/pyrimethamine in preventing malaria in preg-
nancy: the potential of 5-methyl-tetrahydrofolate. J Antimicrob
Chemother 2014; 69: 323-30. https:/doi.org/10.1093/jac/dkt394

57 van Eijk AM, Ouma PO, Williamson J et al. Plasma folate level and
high-dose folate supplementation predict sulfadoxine-pyrimethamine
treatment failure in pregnant women in Western Kenya who have un-
complicated malaria. J Infect Dis 2008; 198: 1550-3. https://doi.org/10.
1086/592715

58 Chulay JD, Watkins WM, Sixsmith DG. Synergistic antimalarial activity of
pyrimethamine and sulfadoxine against Plasmodium falciparum in vitro. Am
J Trop Med Hyg 1984; 33: 325-30. https:/doi.org/10.4269/ajtmh.1984.33.
325

59 Kinyanjui SM, Mberu EK, Winstanley PA et al. The antimalarial triazine
WR99210 and the prodrug PS-15: folate reversal of in vitro activity against
Plasmodium falciparum and a non-antifolate mode of action of the prodrug.
Am J Trop Med Hyg 1999; 60: 943-7. https:/doi.org/10.4269/ajtmh.1999.60.
943

60 World Health Organization. WHO policy brief for the implementation
of intermittent preventive treatment of malaria in pregnancy using
sulfadoxine-pyrimethamine  (IPTp-SP). World Health Organization.
https://www.afro.who.int/sites/default/files/2017-06/iptp-sp-updated-
policy-brief-24jan2014.pdf?utm_source=chatgpt.com.

61 World Health Organization. Roll Back Malaria Partnership Malaria in
Pregnancy Working Group: Consensus Statement on folic acid supplementa-
tion during pregnancy. World Health Organization. https:/endmalaria.org/
sites/default/files/1_FOLIC-ACID_EN-2.pdf?utm_source=chatgpt.com.

62 World Health Organization. Implementing Malaria in Pregnancy
Programs in  the Context of World Health Organization

Recommendations on Antenatal Care for a Positive Pregnancy
Experience. World Health Organization. https:/www.alignmnh.org/wp-
content/uploads/2021/11/MIP-Reference-Manual_4th-Edition_Eng_
June-2021.pdf?utm_source=chatgpt.com.

63 Khositnithikul R, Tan-ariya P, Mungthin M. In vitro atovaquone/pro-
guanil susceptibility and characterization of the cytochrome b gene of
Plasmodium falciparum from different endemic regions of Thailand.
Malar J 2008; 7: 23. https://doi.org/10.1186/1475-2875-7-23

64 Musset L, Pradines B, Parzy D et al. Apparent absence of atovaquone/
proguanil resistance in 477 Plasmodium falciparum isolates from un-
treated French travellers. J Antimicrob Chemother 2006; 57: 110-5.
https://doi.org/10.1093/jac/dki420

65 Eyase FL, Akala HM, Ingasia L et al. The role of Pfmdrl and Pfcrt in
changing chloroquine, amodiaquine, mefloquine and lumefantrine sus-
ceptibility in western-Kenya P. falciparum samples during 2008-2011.
PLoS One 2013; 8: e64299. https://doi.org/10.1371/journal.pone.0064299

66 Mungthin M, Khositnithikul R, Sitthichot N et al. Association between
the pfmdr1 gene and in vitro artemether and lumefantrine sensitivity in
Thai isolates of Plasmodium falciparum. Am J Trop Med Hyg 2010; 83:
1005-9. https://doi.org/10.4269/ajtmh.2010.10-0339

67 Shafik SH, Richards SN, Corry B et al. Mechanistic basis for multidrug
resistance and collateral drug sensitivity conferred to the malaria parasite
by polymorphisms in PfMDR1 and PfCRT. PLoS Biol 2022; 20: e3001616.
https://doi.org/10.1371/journal.pbio.3001616

68 LaMonte GM, Rocamora F, Marapana DS et al. Pan-active imidazolopi-
perazine antimalarials target the Plasmodium falciparum intracellular se-
cretory pathway. Nat Commun 2020; 11: 1780. https://doi.org/10.1038/
s41467-020-15440-4

69 Meister S, Plouffe DM, Kuhen KL et al. Imaging of Plasmodium liver
stages to drive next-generation antimalarial drug discovery. Science
2011; 334: 1372-7. https://doi.org/10.1126/science.1211936

70 Kublin JG, Murphy SC, Maenza J et al. Safety, pharmacokinetics, and
causal prophylactic efficacy of KAF156 in a Plasmodium falciparum hu-
man infection study. Clin Infect Dis 2020; 73: e2407-14. https://doi.org/
10.1093/cid/ciaa952

71 Leong FJ, Zhao R, Zeng S et al. A first-in-human randomized, double-
blind, placebo-controlled, single and multiple-ascending oral dose study
of novel imidazolopiperazine KAF156 to assess its safety, tolerability, and
pharmacokinetics in healthy adult volunteers. Antimicrob Agents
Chemother 2014; 58: 6437-43. https://doi.org/10.1128/AAC.03478-14

72 Ogutu B, Yeka A, Kusemererwa S et al. Ganaplacide (KAF156) plus lu-
mefantrine solid dispersion formulation combination for uncomplicated
Plasmodium  falciparum  malaria:  an  open-label, multicentre,
parallel-group, randomised, controlled, phase 2 trial. Lancet Infect Dis
2023; 23: 1051-61. https://doi.org/10.1016/51473-3099(23)00209-8

73 White NJ, Duong TT, Uthaisin C et al. Antimalarial activity of KAF156in
falciparum and Vivax malaria. N Engl J Med 2016; 375: 1152-60. https://
doi.org/10.1056/NEJMoa1602250

74 McNamara CW, Lee MC, Lim CS et al. Targeting Plasmodium phospha-
tidylinositol 4-kinase to eliminate malaria. Nature 2013; 504: 248-53.
https://doi.org/10.1038/nature12782

75 Pradines B, Tall A, Fusai T et al. In vitro activities of benflumetol against
158 Senegalese isolates of Plasmodium falciparum in comparison with
those of standard antimalarial drugs. Antimicrob Agents Chemother
1999; 43: 418-20. https://doi.org/10.1128/AAC.43.2.418

76 Pradines B, Tall A, Parzy D et al. In-vitro activity of pyronaridine and
amodiaquine against African isolates (Senegal) of Plasmodium falcip-
arum in comparison with standard antimalarial agents. J Antimicrob
Chemother 1998; 42: 333-9. https://doi.org/10.1093/jac/42.3.333

77 Mayxay M, Barends M, Brockman A et al. In vitro antimalarial drug
susceptibility and Pfcrt mutation among fresh Plasmodium falciparum
isolates from the Lao PDR (Laos). Am J Trop Med Hyg 2007; 76: 245-50.

11 of 11

920z Arenuga4 g1 uo 1senb Aq 1916248/ 1 06e.Ip/L/8/81o1e/Jwedel/wod dno olwapeoe)/:sdny WwoJlj papeojumoq


https://doi.org/10.1186/s12936-017-1700-8
https://doi.org/10.1038/ncomms11553
https://doi.org/10.1038/ncomms11553
https://doi.org/10.4269/ajtmh.14-0031
https://doi.org/10.4269/ajtmh.14-0031
https://doi.org/10.1093/infdis/jis691
https://doi.org/10.1371/journal.pone.0162718
https://iris.who.int/server/api/core/bitstreams/1cc5110f-4ca9-47e3-80b1-467e598311f1/content
https://iris.who.int/server/api/core/bitstreams/1cc5110f-4ca9-47e3-80b1-467e598311f1/content
https://apps.who.int/iris/bitstream/handle/10665/70736/WHO_IVB_11.07_eng.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/70736/WHO_IVB_11.07_eng.pdf?sequence=1
https://doi.org/10.1371/journal.pctr.0010028
https://doi.org/10.1371/journal.pctr.0010028
https://doi.org/10.1093/jac/dkt394
https://doi.org/10.1086/592715
https://doi.org/10.1086/592715
https://doi.org/10.4269/ajtmh.1984.33.325
https://doi.org/10.4269/ajtmh.1984.33.325
https://doi.org/10.4269/ajtmh.1999.60.943
https://doi.org/10.4269/ajtmh.1999.60.943
https://www.afro.who.int/sites/default/files/2017-06/iptp-sp-updated-policy-brief-24jan2014.pdf?utm_source=chatgpt.com
https://www.afro.who.int/sites/default/files/2017-06/iptp-sp-updated-policy-brief-24jan2014.pdf?utm_source=chatgpt.com
https://endmalaria.org/sites/default/files/1_FOLIC-ACID_EN-2.pdf?utm_source=chatgpt.com
https://endmalaria.org/sites/default/files/1_FOLIC-ACID_EN-2.pdf?utm_source=chatgpt.com
https://www.alignmnh.org/wp-content/uploads/2021/11/MIP-Reference-Manual_4th-Edition_Eng_June-2021.pdf?utm_source=chatgpt.com
https://www.alignmnh.org/wp-content/uploads/2021/11/MIP-Reference-Manual_4th-Edition_Eng_June-2021.pdf?utm_source=chatgpt.com
https://www.alignmnh.org/wp-content/uploads/2021/11/MIP-Reference-Manual_4th-Edition_Eng_June-2021.pdf?utm_source=chatgpt.com
https://doi.org/10.1186/1475-2875-7-23
https://doi.org/10.1093/jac/dki420
https://doi.org/10.1371/journal.pone.0064299
https://doi.org/10.4269/ajtmh.2010.10-0339
https://doi.org/10.1371/journal.pbio.3001616
https://doi.org/10.1038/s41467-020-15440-4
https://doi.org/10.1038/s41467-020-15440-4
https://doi.org/10.1126/science.1211936
https://doi.org/10.1093/cid/ciaa952
https://doi.org/10.1093/cid/ciaa952
https://doi.org/10.1128/AAC.03478-14
https://doi.org/10.1016/S1473-3099(23)00209-8
https://doi.org/10.1056/NEJMoa1602250
https://doi.org/10.1056/NEJMoa1602250
https://doi.org/10.1038/nature12782
https://doi.org/10.1128/AAC.43.2.418
https://doi.org/10.1093/jac/42.3.333

	Plasmodium falciparum field isolates drug susceptibility in Mali
	Introduction
	Methods
	Sample collection and preparation
	Drug selection
	Efficacy testing
	Data analysis
	Ethical considerations

	Results
	Susceptibility of P. falciparum field isolates collected from three different sites in Mali to never-used or abandoned drugs tafenoquine, chloroquine and N-desethyl-amodiaquine
	Susceptibility of P. falciparum field isolates to currently used antimalarial drugs in Faladje, Bougoula-Hameau and Kolle, Mali’s field sites
	Malaria preventive chemotherapy compounds activities against the field isolates P. falciparum parasite from Faladje, Bougoula-Hameau and Kolle
	Lead advanced discovery antimalarial agents candidates potently inhibited P. falciparum field isolates from Bougoula-Hameau, Faladje and Kolle

	Discussion
	Conclusions

	Acknowledgements
	Funding
	Transparency declarations
	Author contributions

	References


